Abstract Pesticides are frequently detected in estuaries among the pollutants found in estuarine and coastal areas and may have major ecological consequences. They could endanger organism growth, reproduction, or survival. In the context of high-mortality outbreaks affecting Pacific oysters, Crassostrea gigas, in France since 2008, it appears of importance to determine the putative effects of pesticides on oyster susceptibility to infectious agents. Massive mortality outbreaks reported in this species, mainly in spring and summer, may suggest an important role played by the seasonal use of pesticides and freshwater input in estuarine areas where oyster farms are frequently located. To understand the impact of some pesticides detected in French waters, their effects on Pacific oyster hemocytes were studied through short-term in vitro experiments. Bivalve immunity is mainly supported by hemocytes eliminating pathogens by phagocytosis and producing compounds including lysosomal enzymes and antimicrobial molecules. In this study, oyster hemocytes were incubated with a mixture of 14 pesticides and metaldehyde alone, a molecule used to eliminate land mollusks. Hemocyte parameters including dead/alive cells, nonspecific esterase activities, intracytoplasmic calcium, lysosome number and activity, and phagocytosis were monitored by flow cytometry. No significant effect of pesticides tested at different concentrations was reported on oyster hemocytes maintained in vitro for short-term periods in the present study. It could be assumed that these oyster cells were resistant to pesticide exposure in tested conditions and developing in vivo assays appears as necessary to better understand the effects of pollutants on immune system in mollusks.
Introduction
Estuaries are considered among the most productive environments in the world. They serve as nurseries for juveniles of economically important fish and invertebrate larvae, and they also rank among the most contaminated areas. Pesticides have become more frequently detected among the pollutants found in estuarine and coastal areas (Renault 2011; Masuda et al. 2012; Savage et al. 2012 ). Pesticides may have major ecological consequences and could endanger organism growth, reproduction, or survival (Banerjee et al. 1996) . France is one of the first European users of pesticides for agriculture purposes. Given their extensive use and the different pathways of these molecules in watersheds, many pesticides are found in French coastal waters, especially in the different basins of oyster production. The Pacific oyster, Crassostrea gigas, given its phylogenetic position and its economic relevance in aquaculture at a national and international level, appears as a model of choice to define the importance of the immune system as a target of pollutants in invertebrates. In the context of highmortality outbreaks affecting Pacific oysters, C. gigas, in France since 2008, it appears of importance to study the putative effects of pesticides on oyster susceptibility to infectious agents. The effects of environmental contaminants may result from direct toxic actions on tissues or cells or from alterations of the homeostatic mechanisms including the immune system (Coles and Pipe 1994; Cajaraville et al. 1996) .
Among all physiological processes possibly disturbed by pollutants, the immune system is likely to be particularly sensitive (Baier-Anderson and Anderson 2000; Fournier et al. 2000) . It has been shown, in vertebrates and invertebrates, that pesticides are capable of diminishing immune defenses and/or of modifying genomes (Vial et al. 1996; Kouassi et al. 2001; Banerjee et al. 1996 Banerjee et al. , 2001 . It has been also suggested that bivalves may be weakened as a result of the presence of these pollutants, and thus become more vulnerable to infectious diseases (Ross and Managing 1996; Gagnaire et al. 2007) .
To understand the impact of pesticides detected in French waters, their effects on Pacific oyster hemocytes were studied through short-term in vitro experiments in the present study. Bivalve immunity is mainly supported by hemocytes that eliminate pathogens by phagocytosis (Cheng 1981; Feng 1988 ) and produce compounds including lysosomal enzymes and antimicrobial molecules which contribute to pathogen destruction (Coles and Pipe 1994) . Oyster hemocytes were collected in the adductor muscle sinus and incubated either with metaldehyde which is used to kill land mollusks or a mixture of 14 pesticides. In order to reveal potential effects of pesticides, hemocyte parameters including dead/alive cells, nonspecific esterase activities, intracytoplasmic calcium, lysosome number, and activity and phagocytosis were monitored by flow cytometry.
Materials and methods

Oysters and hemocyte collection
In order to reduce the impact of inter-individual variability on the assessment of hemocyte parameters, Pacific oysters aged less than 1 year from three biparental families (families no 11, 29, and 32) were used in the present study. They were produced simultaneously and reared under similar conditions at the Ifremer's facilities (LGPMM La Tremblade, France), as part of the European project Bivalife (FP7, 2011 -2014 .
Oyster hemolymph was withdrawn from the adductor muscle sinus through a notch ground in the oyster shell, using 1 ml syringe equipped with a needle (0.9×25 mm). Hemolymph samples were filtered on a 60-μm mesh to eliminate debris. Hemocytes were counted with a Malassez cell and kept on ice until use to avoid cell aggregation. Pools of cells from 50 oysters were used to provide enough hemocytes to carry out experiments.
Pesticides
Fourteen pesticides were selected based on their detection in the aquatic environment in Brittany and in Charente Maritime and on their immunotoxic potential for invertebrates (Galloway and Handy 2003; Tanguy et al. 2005; Gagnaire et al. 2007; Menin et al. 2008; Luna-Acosta et al. 2011) . They belong to four pesticide groups: herbicides, fungicides, insecticides, and molluscicides. A mixture of 14 pesticides (Table 1 ) was tested as well as metaldehyde alone. Solvents were used as recommended by manufacturers (Table 1 ) and final solvent concentration was less than 0.5 % in order to avoid disturbance of hemocyte parameters. All pesticides were purchased from Fluka and Supelco (Sigma-Aldrich).
Flow cytometry
Oyster hemocyte activities were monitored using flow cytometry (EPICS® XL flow cytometer). For each sample, 5,000 events were counted using an EPICS XL 4 (Beckman Coulter). Results were depicted as cell cytograms indicating cell size (forward side scatter value) and cell complexity (side side scatter value) and the fluorescence channel(s) corresponding to the marker used. A gate was defined on the basis of FSC value in order to eliminate cell debris. To measure hemocyte mortality, 200 μL of hemolymph were incubated with 10 μL of propidium iodide for 30 min on ice in the dark (Gagnaire et al. 2003) . Nonspecific esterase activities were investigated in 200 μL of hemolymph after 30 min incubation in the dark at room temperature with 1 μL of fluorescein diacetate (Gagnaire et al. 2003) . Intracytoplasmic calcium was monitored in 200 μL of hemolymph added with 1 μl of Fluo-4 AM (Life Technologies: Fluo-4, AM, cell permeant) at 5 mM (1 h 30 min incubation in the dark at room temperature; Aton et al. 2006) . The presence and the number of lysosomes were measured in 200 μL of hemolymph supplemented with 1 μl of Lysotracker® (Invitrogen: Lysotracker® Green DND-26) to 1 mM (2-h incubation in the dark at room temperature; Gagnaire et al. 2003) . Lastly, the phagocytic activity was followed in 200 μL of hemolymph supplemented with 10 μL of beads 1 μm in diameter (ratio bead/hemocyte, 700:1) with a 2 h incubation in the dark at room temperature. Cell size and complexity were measured in 200 μL of hemolymph incubated for 30 min in the dark at room temperature without any treatment (Gagnaire et al. 2003 ).
Experimental designs
Test of different times of incubation with the pesticide mixture
Initial assays aimed at evaluating in vitro the effect of a mixture of 14 pesticides on oyster hemocytes (family no 11) after different incubation times. The parameters that were assessed by flow cytometry included: cell size and complexity (data not shown), hemocyte mortality, nonspecific esterases (data not shown), intracytoplasmic calcium, presence and activities of lysosomes, and phagocytic activity. The concentration that was tested (1×) corresponded to realistic concentrations reported in the environment (Table 1) .
Oyster hemocytes were incubated with the pesticide mixture during 21 h and sampled at 3 times: 2, 4, and 21 h. A single pool of filtered hemolymph was prepared from 50 individuals and distributed in tubes including one "control" (the control was not exposed to pesticides, but it corresponds to the same quantity of solvent used for testing the pesticide mixture). After adding the pesticide mixture, tubes were placed at 16°C in an incubator in the dark during 21 h. The experiment was repeated three times with 50 oysters for each experiment. Family no 32 was also tested (data not shown).
Test of different concentrations of the pesticide mixture
Assays were also carried in order to study the effects of the pesticide mixture at different concentrations. Hemocytes were collected from oysters belonging to family no 29, and different hemocyte parameters were measured by flow cytometry: cell size and complexity (data not shown), hemocyte mortality, presence of nonspecific esterases (data not shown), intracytoplasmic calcium, presence and activities of lysosomes, and phagocytic activity.
Concentrations tested (1×, environmentally relevant concentrations) correspond to realistic concentrations reported in the environment (Table 1 ) and concentrations 10, 50, and 100 times higher (Table 1 ). The incubation with the pesticide mixture was 4 h as hemocyte mortality was reported in controls for longer incubation periods. After contact with pesticides, tubes were placed at 16°C in an oven for 4 h in the dark. Hemocyte activities were measured by flow cytometry. The experiment was repeated three times with 50 oysters for each experiment. Concentration 1,000× was also tested (data not shown).
Test of metaldehyde alone
Assays were performed in order to test metaldehyde effects at high concentrations: 100 and 1,000 mg/L with an incubation period of 4 h and hemocytes were collected at the same time. Hemocytes were collected from oysters belonging to family no 29 and different hemocyte parameters were measured by flow cytometry: cell size and complexity (data not shown), hemocyte mortality, presence of nonspecific esterases, intracytoplasmic calcium (data not shown), presence and activities of lysosomes (data not shown), and phagocytic activity (data not shown). Safety data sheet Sigma-Aldrich reports EC50 test on 1 Daphnia specie allows to define a value at 90 mg/L for Daphnia magna after a 48-h exposure. The experiment was repeated twice with 50 oysters for each experiment. A control with a salinity of 6.5‰ was added to check the validity of the protocols. Haemolymphs containing hemocytes were resuspended in a haemolymphe-distilled water mixture (haemolymphe/distilled water: 1 vol/4 vol) in order to obtain a salinity at 6.5‰.
Statistical analysis
Results were expressed as percentage of positive cells. Statistical analysis was performed using the Wilcoxon-Mann Whitney test by statistical software R, to compare two groups. The Kruskal-Wallis test was used to compare more than two groups. The null hypothesis (H0) corresponding to the distribution of the quantitative variable is the same in the groups. Significance was set at p≤0.05 (*) and at p≤0.01 (***).
Results
Test of different times of incubation of the pesticide mixture
Regardless of sample collection time, incubation of the hemocytes with the pesticide mixture did not have any significant effect on the tested parameters ( Figs. 1 and 2 ). However, differences related to collection time were observed, as hemocyte mortality after a 21-h incubation period was three times higher than after a 2-or a 4-h incubation period (Fig. 1a-c) . Cell mortality at 21 h (Fig. 1a and c) was high (around 45 %) in controls avoiding measurement of hemocyte activities. It was therefore decided to select a single sampling time for the following experiments using a range of concentrations (1×, 5×, 10×, and 100×; Table 1 ). No significant effect was observed between the different conditions for intracytoplasmic calcium (Fig. 2a) , presence and activities of lysosomes (Fig. 2c ) and phagocytic activity (Fig. 2e) . Only one difference is observed for phagocytosis between 2 and 4 h (Fig. 2e) . These two times are fairly close and with almost no difference, it was decided to keep only the 4 h time for the next experiments. Family no 32 was also tested (data not shown) and results were similar to those obtained for family no 11.
Test of various concentrations of pesticides
No significant effect was reported on any of the hemocyte activities tested, regardless of pesticide concentration (1-100×; Table 1 ) as a mixture, between control hemoctyes and pesticide treated ones (Fig. 3) . Hemocyte mortality was less than 8 % for control hemoctyes-and pesticide-treated ones (Fig. 3a) . Concentration 1,000× was also tested (data not shown) and results were similar to those obtained for other concentrations.
Test of metaldehyde alone
Neither of the tested metaldehyde concentrations had a significant effect on oyster hemocytes (family no 29) (Figs. 4a and 5a). Results were similar to those obtained with the pesticide mixture (no effect) and validated thanks to the controls included in each experiment. Oyster hemocytes were incubated at a 6.5‰ salinity. Low salinity allowed to observed significant effects on hemocyte parameters including cell mortality (Figs. 4 and 5) . Hemocyte mortality was six times higher at 6.5‰ salinity compared to other conditions and control ( Fig. 4a and b) . This significant increase (p<0.01) of cell mortality was also related to changes in terms of nonspecific esterase activities (Fig. 5a-c control ( 2 h ) 1x ( 2 h ) control ( 4 h ) 1x ( 4 h 
Discussion
In the present work, it was decided to study the putative effects of pesticides using a mixture of 14 different molecules in order to better represent aquatic environments where a variety of substances may be simultaneously present (Gagnaire et al. 2006a; Renault 2011 ) including herbicides and their metabolites (Lanyi and Dinya 2003; Sørensen et al. 2003; Vargha et al. 2005) . In contrast, metaldehyde was tested individually, as this molluscicide substance known to be toxic for snails (Dai et al. 2011) has the potential to display high toxicity for oysters. In this work using three biparental families, Pacific oyster (C. gigas) hemocyte mortality and cell activities were not affected by pesticides in short-term in vitro assays. However, a low salinity (6.5 versus 25-35‰ salinity in the field) had a measurable effect on heamocytes which confirmed the validity of the protocols used in the present study. These observations are consistent with results from the literature, showing an effect of a pesticide mixture on phagocytosis only at high concentrations, higher than those tested in the present study (Gagnaire et al. 2006a) . Another study showed that only extreme temperature and salinity conditions had an impact on Pacific oyster hemoctyes maintained in vitro (Gagnaire et al. 2006b ).
The lack of noticeable effects of the pesticide mixture on oyster hemocytes could be partially explained by antagonistic effects between some of the substances, similar to those reported for diuron and its metabolites (Knauert et al. 2008; Pesce et al. 2010; Neuwoehner et al. 2010) . It could also be related to the parameters selected to assess hemocyte activities: cell mortality, nonspecific esterase activities, lysosome detection, intracytoplasmic calcium, and phagocytic activity. However, previous studies showed modulation of these parameters including phagocytosis. In the eastern oyster, Crassostrea virginica, reduced phagocytosis activity was observed after exposure to triforine (Alvarez and Friedl 1992) and to the insecticide Chlordan at 250 μM in vitro (Larson et al. 1989) which is higher than the concentrations used in the present study. Moreover, Canty et al. (2007) reported a decrease in phagocytic index in the blue mussel, Mytilus edulis, after a short exposure to 0.1 mg L −1 azamethiphos suggesting that azamethiphos can modulate hemocyte functions in mussels at environmentally relevant concentrations. On the contrary, Gagnaire et al. (2003) reported no effect on cell viability, cell cycle, and cellular activities except for peroxidase activity in Pacific cupped oyster hemocytes exposed to atrazine in vitro. On the contrary, effects have been reported in in vivo conditions on these parameters (Gagnaire et al. 2007) . Monitoring of hemocyte parameters may be compromised by high inter-individual variability (Ordás et al. 2000; Ford and Paillard 2007) . In order to address this issue and minimize effects related to the genetic diversity, animals belonging to three hatchery-reared biparental families rather than oysters collected from the field were used as biological material.
The short exposure times that were used in the present experiments could partially account for the observed results. However, aquatic organisms have displayed susceptibility to short-term exposure to herbicides under laboratory-controlled conditions (Bretaud et al. 2000; Saglio et al. 2003; Gagnaire et al. 2006a, b) . Moreover, in the natural aquatic environment, peak concentrations are often found for short periods of time (Munaron et al. 2006; Hyne and Aistrope 2008) . Although pesticides may demonstrated some effects on hemocytes after long exposure in in vivo experiments (Patetsini et al. 2013) , testing of long exposure period is difficult in in vitro assays as hemocytes do not survive for long time outside of oysters.
Although levels of pesticides measured in superficial waters generally range below lethal concentrations for aquatic species, several studies concerning the effects of pesticides in bivalves have been carried out using high-pollutant concentrations. In the present study, pesticides were tested at environmentally relevant concentrations in order to document putative sublethal adverse effects. The lack of impact of pesticide exposure on hemocytes could be attributed to the low concentrations of pesticicides that were used. However, this hypothesis appeared as not relevant as no effect was also observed on the assessed parameters when higher concentrations were tested.
Short-term exposure of hemocytes to different concentrations of pesticides had no significant effect on the assessed parameters, suggesting, that these cells have some level of resistance towards pesticides in vitro, under the tested conditions. This hypothesis is supported by data from the full genome sequencing of the Pacific oyster, which reveals the existence of stress adaptation in particular through the transcription of a large set of genes as a response to stressful Fig. 4 Hemocyte activities after exposure to metaldehyde alone for family no 29. a Hemocyte mortality percentage after a 4-h exposure period at 100 mg/L and 1 g/L, and after exposure to a 6.5‰ salinity. b Flow cytometry cytogram demonstrating cells mortality percentages after a 4-h exposure period to a salinity at 6.5‰ environmental conditions (Zhang et al. 2012) . As an example, 88 genes encoding heat shock proteins 70, which have crucial roles in protecting cells against heat and other stresses, were identified in the Pacific oyster genome, compared with ∼17 in humans and 39 in sea urchins. Moreover, genomic and transcriptomic analyses of different biological processes such as apoptosis highlight the sophisticated genomic adaptations of this bivalve species to sessile life in a highly stressful environment (Zhang et al. 2012) .
As a conclusion, it appears useful to carry out in vivo experiments to study the effects of short-term exposure to pesticide mixtures and to define models of immune modulation. Such models could improve our understanding of the complex interactions between Pacific oysters, pathogens, and the environment including pesticides. Although a relationship between pollution and an increased susceptibility towards infectious diseases has been established in vertebrates (Fournier et al. 1988; Van Loveren et al. 2000; Jepson et al. 2005; Kim et al. 2008) , few studies have been devoted to invertebrates (Galloway and Depledge 2001) . Few studies have attempt to link contaminants and susceptibility to pathogens in marine molluscs (Anguiano et al. 2007; Gagnaire et al. 2007; Collin et al. 2010; Greco et al. 2011) . Pacific cupped oysters, C. gigas, have been previously used as a model to evaluate the impact of a mixture of pesticides on certain immune-related parameters and to demonstrate the relationship between bacterial infection, the presence of pollutants, and the host's defense capacity (Gagnaire et al. 2007 ). This type of approach appears suitable to further understand the massive mortality outbreaks of Pacific oyster spat that have been reported in France since 2008 (Segarra et al. 2010; EFSA 2010) .
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